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Wireless communication systems require high spectral efficiency and
throughput in order to be cost-effective. Link adaptation schemes are known
to be a good solution to achieve this goal. However, the necessity of additional
information or increased complexity prevents these schemes from being imple-
mented. In this context, research on resource allocation based on different
constraints, such as complexity or feedback, is important.
The major contribution of this dissertation is the development of three
novel techniques to enhance performance in practical implementations of the
adaptive OFDM systems. This dissertation first introduces a new multiuser
OFDM system to enhance performance in the low SNR regime. In this scheme,
multiuser diversity can be efficiently amplified from random power allocation
and opportunistic scheduling. Higher spectral efficiency can be achieved with-
out an increase of complexity or feedback amount compared to conventional
vii
multiuser OFDM systems using equal power allocation. This dissertation also
presents a modified multi-mode power loading scheme. A modified multi-mode
power loading scheme can circumvent the limit of current multi-mode power
loading schemes by significantly reducing search amount from 2N − 1 to N ,
where N is the number of subcarriers. Finally, this dissertation has introduced
adaptive OFDM systems using channel gain order information in limited feed-
back environments. Adaptive OFDM systems using the order mapping tech-
nique achieve comparable performance to conventional adaptive OFDM sys-
tems in terms of bit error rate and average spectral efficiency, while the amount
of feedback is significantly reduced. Furthermore, by simply exploiting order
mapping and interpolation, the analyzing technique circumvents the practical
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Innovative progress in wireless communication technologies during the
last decade has had a major impact on human society and economy. While
early wireless communication systems focused on low data rate services, such
as voice services [1, 2], current wireless communication systems are focused on
high data rate services, such as multimedia services [3, 4]. Moreover, the appli-
cable range of wireless data communication systems has expanded from single
cellular systems to multi-cellular systems [5, 6]. Data communication technolo-
gies that have mainly deployed in wireless local area network (WLAN) [7–9]
are now expected to be used in multi-cellular environments. The key require-
ment to achieve the needed high data capability is the increase of spectral
efficiency over wireless channels that suffer from fading. Orthogonal frequency
division multiplexing (OFDM) [10] is one popular solution for high data capa-
bility in wireless communication systems. OFDM is multicarrier data trans-
mission. In OFDM, a single data-stream is transmitted over a number of
closely-spaced orthogonal subcarriers. The data-stream is divided into several
parallel data streams or subcarriers, one for each subcarrier. While classi-
cal frequency division multiplexing (FDM) uses N nonoverlapping subcarriers
1
Table 1.1: The advantages and disadvantages of OFDM
The Advantages
High spectral efficiency
Robustness against inter symbol interference (ISI)
Robustness against frequency selective fading and narrow-band interference
Simple implementation using FFT
Low sensitivity to time synchronization errors
Simple equalization
The Disadvantages
High peak-to-average-power ratio (PAPR)
High sensitivity to frequency synchronization problems
High sensitivity to Doppler shift
Inefficiency caused by Cyclic prefix/Guard interval
to eliminate inter-channel interference, OFDM uses N overlapping subcarriers
whose orthogonality removes inter-channel interference where N is the number
of subcarriers. OFDM has been applied in many wideband digital communi-
cations such as digital television and audio broadcasting, wireless networking
and broadband internet access. The advantages and disadvantages are listed
in Table. 1.1.
This multi-carrier modulation scheme has been a great success in WLAN
systems and has been adopted as the main transmission technology of various
fourth generation wireless communication standards [11–13] because its inher-
ent characteristics make it possible to provide high data rate services, such as
2
multimedia services, in multicellular systems.
Transmission of channel state information (CSI) [14] between transceivers
is one of key issues in meeting the requirement of high spectral efficiency in
OFDM systems in order to be cost-effective [15–19]. By using CSI, spectral
efficiency in various OFDM systems can be effectively enhanced by a link adap-
tation scheme that allocates power and determines modulation and coding level
adaptively to the time varying channel [20–24]. Moreover, a link adaptation
scheme in conjunction with CSI can also be exploited to amplify multiuser di-
versity gain with multiuser scheduling [21, 25–28]. However, the requirement
of the exact CSI for link adaptation schemes normally necessitates a large feed-
back amount, which prevents practical implementation because wireless com-
munication is likely to take place in a limited feedback environment [29–32].
Furthermore, implementation is also limited due to the additional complexity
required in order to optimally allocate resources, such as power, frequency, and
modulation levels. In this context, current research is focused on the practi-
cal constraints for wireless OFDM systems, especially feedback amount and
implementation complexity [33–37]. In addition, research has been especially
focused on performance enhancement in the low signal-to-noise ratio (SNR) or
signal-to-interference-plus-noise ratio (SINR) regimes, which largely determine
the performance of systems.
3
1.2 Proposed Research and Contributions
The primary purpose of this study is to develop novel and practical
techniques for link adaptation schemes for wireless OFDM systems in the con-
text of the practical constraints on complexity of implementation and amount
of feedback. The following subsections briefly summarize assumptions that
are used throughout the dissertation and that underline the three proposed
techniques to achieve the goal of link adaptation for wireless OFDM systems:
random waterfilling for multiuser OFDM systems, modified multi-mode power
loading scheme, and adaptive OFDM systems using order mapping.
1.2.1 Summary of assumptions in this dissertation
Although each chapter describes a number of different assumptions
for each proposed scheme, there are a number of fundamental assumptions
contained in this dissertation that will be summarized in this subsection.
- A single cell environment that one base station covers is assumed. Ad-
ditionally, interference from other cells or users is assumed to be lumped
into the additive white Gaussian noise or is not considered.
- Perfect quantization is assumed. Although quantization error is one
critical factor in deciding communication performance, this dissertation
focuses on channel estimation techniques with assumed perfect quanti-
zation in order to fairly compare the effectiveness of each reconstruction
method. The effect of quantization errors is discussed in Section 4.5.3
4
- Perfect sample and symbol synchronization are assumed to have been
achieved by appropriate training sequences.
- Equally spaced pilot structure is assumed in the analysis. A properly cho-
sen equally spaced pilot structure is optimal for the capacity of OFDM
systems [38–40]. In this context, this study analyzes proposed schemes
with equally spaced pilot structures. However, a discussion of perfor-
mance with non-equally spaced pilot structure will be presented in Sec-
tion 5.4.2.1
- Stationary fading channel models and slow fading environments are as-
sumed.
- Sufficient cyclic prefix length to prevent inter-symbol interference is as-
sumed.
- For multiuser OFDM systems, it is assumed that each user experiences
fading independently.
- For Ch. 2 and 3, all the subchannels are independent and identically
distributed (i.i.d). On the other hand, correlated channels are assumed
for Ch. 4 and 5.
1.2.2 Random Waterfilling for Multiuser OFDM Systems
As wireless communication systems have become more popular, acces-
sible spectrum has been occupied by many wireless systems. Hence, regulated
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frequency bands with appropriate operating SNR levels have been decreasing
in availability. The decrease of available frequencies can be resolved by the fol-
lowing two strategies. First, totally new frequency ranges, such as Millimeter-
Wave Bands [41, 42], can be used so as not to interfere with the frequency
bands occupied by conventional wireless communication systems. The great-
est challenge for the practical deployment of this solution is to develop devices
that work reliably at high frequencies. Second, the system can be overlaid
on top of licensed and/or unlicensed frequency bands, such as the industrial,
scientific and medical (ISM) band. Ultra wideband (UWB) systems [43, 44]
based either on Impulse Radio [45–48] or Multi Band OFDM [49–52] are in
this category. The transmit power levels of these systems are regulated to be
very low in order to minimize co-channel interference.
As a solution to frequency deficiency problems, this study focuses on
the second category of the above strategies. This research proposes a new
random waterfilling power allocation scheme for performance enhancement in
clustered orthogonal frequency division multiple access (OFDMA) systems in
a low SNR regime. The proposed random waterfilling enhances multiuser
diversity and achieves higher throughput than static equal power allocation
without an increase of complexity or feedback in a low SNR regime. Through
simulations and mathematical analysis, this research shows that the relative
gain over static equal power allocation increases as the received SNR decreases.
6
1.2.3 Modified Multi-mode Power Loading Scheme for Large Di-
mensional OFDM Systems
Multi-mode power loading [53] is a power loading algorithm based on
the on-off configurations of subcarriers, where the transmitter equally allocates
its available power only to the subcarriers indicated as “on”. Multi-mode
power loading is an attractive power loading technique, since it avoids iterative
procedures and periodic updates of threshold values in order to find the best
power loading configuration. Multi-mode power loading achieves comparable
spectral efficiency to optimal waterfilling with full CSI, while using only N
feedback bits, where N is the number of subcarriers. The requirement of 2N−1
brute-force searches, however, makes multi-mode power loading infeasible for
large N . Research has shown that multi-mode power loading is plausible only
when N is around 10 considering the complexity of the brute-force searches
[53].
This study in Ch. 3 proposes a new power loading technique to generate
the same optimal power loading configuration as the multi-mode power loading
technique without recourse to brute-force searches. The proposed technique
requires only N searches and a total of N log2 N operations while the multi-
mode power loading necessitates 2N − 1 brute-force searches. Thus, the new
method works well with large N on a practical level. Sorting subchannel gains
makes lower complexity possible. Although the idea of sorting subchannel
gains was introduced previously [54], this study exploits the sorting in a novel
way. In addition, the proposed technique does not need a shared codebook,
7
so it is able to save the memory space for the codebook at the transceiver.
1.2.4 Adaptive OFDM Systems Using Order Mapping in Limited
Feedback Environments
OFDM systems have been widely deployed to meet the requirements
of high data rates. Many technologies incorporating OFDM have been stud-
ied in attempts to achieve higher spectral efficiency [24, 55–61]. Among those
techniques enhancing the performance of OFDM systems, channel adapted
techniques, such as power loading and adaptive coded modulation or adap-
tive modulation and coding [17, 57, 62–67], have been popular and effective
in frequency selective fading channels. The basic concept of these adaptive
OFDM systems is to achieve optimal throughput by adaptive variation of the
transmitted power level, the constellation size, coding technique, or any com-
bination of these based on channel variations. For this reason, the performance
of adaptive OFDM systems is highly dependent on the accuracy of channel
estimation at the receiver. In this context, full CSIT [68] is most desirable,
but a limited spectrum usage of feedback restricts the use of full CSIT.
In limited feedback environments, a simple but practical approach for
channel estimation is the use of comb-type channel knowledge [39, 69–74]. Al-
though the comb-type pilot structure can efficiently reduce the amount of
feedback, the amount of feedback information required to determine an ap-
propriate modulation and coding level is still a burden in a limited feedback
environment because emerging OFDM systems, such as [11, 12], exploit very
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broad spectrums. Besides the large amount of feedback, other practical short-
comings, such as high complexity at the mobile station [53, 75], quantization
error [76, 77], and applicability limited to only small dimensions [53], need to
be overcome.
To circumvent the practical shortcomings of previous adaptive OFDM
techniques using limited feedback, this dissertation proposes a new adaptive
OFDM system using order information of the subcarrier channel gains. Anal-
ysis shows that adaptive OFDM systems using an order mapping technique
achieve comparable performance to conventional adaptive OFDM systems in
terms of bit error rate and average spectral efficiency, while the amount of
feedback is significantly reduced. Furthermore, by simply exploiting order
mapping and interpolation, the proposed technique overcomes the practical
shortcomings of previous limited feedback techniques for OFDM systems. The
advantages are particularly visible at low SNR or for many subcarriers, both
of which will be very common in the emerging wireless broadband OFDM
standards.
1.3 Organization of This Dissertation
This dissertation is organized as follows. Chapter 2 investigates the
techniques used in overlaid systems operating in occupied frequency bands,
such as ISM band and UWB systems. It also proposes a random waterfill
power allocation scheme for clustered OFDMA systems and shows that the
relative gain over static equal power allocation increases as the received SNR
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decreases. Chapter 3 proposes a modified multi-mode power loading scheme.
In this chapter, first the conventional multi-mode power loading is briefly
explained. Then an advanced multi-mode power loading technique that sig-
nificantly reduces the required search amount from 2N − 1 to N is introduced.
In chapter 4, a new adaptive OFDM system exploiting order mapping is pro-
posed. The performance of various channel estimation schemes is compared,
as well as the required feedback amount. Chapter 5 extends the analysis of
OFDM systems using OM technique to adaptive OFDM systems including
AMC per subcarrier and cluster. Multidimensional coded variable-rate M-
QAM given in [78] is considered for AMC. Finally, chapter 6 concludes the
technical contents of this dissertation and briefly introduces future work.
1.4 List of Acronyms and Abbreviations
3GPP-LTE : Third Generation Partnership Project
ACM : Adaptive Coded Modulation
AMC : Adaptive Modulation and Coding
ASE : Average Spectral Efficiency
AWGN : Additive White Gaussian Noise
BER : Bit Error Rate
bps : bit per second
BS : Base Station
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CQI : Channel Quality Indicator
CSI : Channel State Information
CSIT : Channel State Information at Transmitter
DL PUSC : Downlink Partially Used Subchannelization
EQP : Equal Power Allocation
E-UTRA : Evolved UMTS Terrestrial Radio Access
FFT : Fast Fourier Transform
IFFT : Inverse Fast Fourier Transform
IID : Independent and Identically Distributed
ISI : Inter Symbol Interference
JPOS : Joint Polling and Opportunistic Scheduling
MIMO : Multiple Input Multiple Output
MSE : Mean Squared Error
MQ scheduling : Maximum Quantile Scheduling
NMSE : Normalized Mean Squared Error
OFDM : Orthogonal Frequency Division Multiplexing
OFDMA : Orthogonal Frequency Division Multiple Access
OM : Order Mapping
QAM : Quadrature Amplitude Modulation
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QoS : Quality of Service
PAPR : Peak to Average Power Ratio
RWF : Random Waterfilling
SINR : Signal to Interference plus Noise Ratio
SNR : Signal to Noise Ratio
UWB : Ultra Wide Band
WLAN : Wireless Local Area Network
WirelessMAN : Wireless Metropolitan Area Network
WiMAX : Worldwide Interoperability for Microwave Access
WSRmax : Weighted Sum Rate Maximization
WSPmin : Weighted Sum Power Minimization
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Chapter 2
Random Waterfilling Exploiting Multiuser
Diversity for Clustered OFDMA Systems
2.1 Introduction
As wireless communications have become more popular, regulated fre-
quency bands with appropriate operating SNR levels have been decreasing
in availability. The deficiency of available frequency allows the emergence of
overlaid systems operating in occupied frequency bands such as industrial, sci-
entific and medical (ISM) band and Ultra Wideband (UWB) systems based
either on Impulse Radio [45–47] or Multi-band OFDM [49–51]. The transmit
power levels of those systems are regulated to be very low in order to minimize
co-channel interference. Thus, the overlaid systems typically operate in the
low received SNR regime and rely on high spreading or combining gains from
wide bandwidth. For a given spreading gain or combining gain, improving
spectral efficiency in the low received SNR regime is a key issue in overlaid
systems.
This chapter focuses on capacity enhancement for multiuser OFDM
operating in a low SNR regime. In multiuser OFDM, per-subcarrier user
assignment maximizes the sum capacity, but it is prohibitive in practical im-
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plementations due to its high complexity. As a practical alternative, clustered
subcarrier allocation has been widely adopted in multiuser OFDM systems,
where the subcarriers are divided into several clusters, and each cluster is al-
located to a user based on an appropriate scheduling policy [11, 79–81]. If
opportunistic user scheduling described in [27] is adopted, system throughput
significantly increases due to multiuser diversity gain. In addition to oppor-
tunistic user scheduling, adaptive power allocation (or power loading) over
a cluster efficiently improves the capacity of clustered multiuser OFDM sys-
tems. When full channel state information is available at the transmitter
(CSIT), waterfilling power allocation across multiple subcarriers is the opti-
mal strategy [82–84]. However, the requirement of the exact CSIT and high
computational complexity of waterfilling prevents practical implementations.
So many multiuser OFDM systems simply employ equal power allocation [85]
along with opportunistic user scheduling to circumvent the difficulties of ob-
taining full CSIT [26]. Furthermore, equal power allocation across subcarriers
is known to be optimal if no channel state information is available at the
transmitter [86].
In clustered multiuser OFDM systems employing equal power allocation
and opportunistic user scheduling, each user feeds back quantized information
of their achievable rate or channel quality for each cluster. Then, the home
base station (BS) opportunistically assigns each subcarrier cluster to the user
with the best achievable rate. Equal power allocation provides reasonable
performance if the SNR is high, but the performance gap between optimal
14
waterfilling and equal power allocation increases as the SNR decreases because
adaptive power allocation to varying channels is more crucial when SNR is
low [87]. Therefore, equal power allocation is not an effective scheme in a very
low SNR regime.
In this chapter, a novel power allocation scheme applicable to clustered
multiuser OFDM systems is proposed. The proposed scheme achieves higher
throughput in the low SNR regime than equal power allocation scheme, while
maintaining similar implementation complexity. Additionally, the proposed
scheme does not increase the amount of feedback information compared to
the equal power allocation with opportunistic user scheduling. The proposed
scheme is named random waterfilling [88], where power is randomly allocated
to subcarriers in each subcarrier cluster, and then each cluster is assigned to
the user with the highest achievable rate. If there are sufficient users, it is
likely that there is a user whose randomly allocated power configuration is
close to the optimal waterfilling power allocation. The proposed clusterwise
random waterfilling amplifies multiuser diversity through this near-optimized
power allocation.
2.2 Prior Work
Multiuser resource allocation for downlink OFDMA systems has been
actively studied. Fig. 2.1 summarizes significant research results in this re-
search area. The proposed scheme in this chapter focuses on the performance
enhancement of open loop resource allocation, which is both practical and near
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Figure 2.1: Summary of fundamental research results in OFDMA resource
allocations
optimal for the limited feedback and reduced complexity requirement consid-
ered in [26, 27]. On the other hand, there are outstanding research results on
optimal or near optimal multiuser resource allocation. In this section, eight
major research results for OFDMA systems will be presented.
In [89], the efficient resource allocations for weighted sum rate max-
imization (WSRmax) and weighted sum power minimization (WSPmin) are
proposed. While both schemes are optimal resource allocation for downlink
OFDMA systems, these optimization requires O(NKN) operations, where N is
the number of subcarriers and K is the number of users. WSRmax and WSP-
min are non-convex problems whose complexity increases exponentially with
the number of tones. However, [89] employs the Lagrange dual decomposition
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method to efficiently solve the optimization problem. Because the duality gap
is virtually zero with a practical number of subcarriers, the Lagrange dual de-
composition method can be used to find the optimal solution accurately with
a reduced complexity, O(NK) for WSRmax and O(NK3) for WSPmin. The
main contribution of [89] is that the proposed approach reduces complexity to
be a practical level.
[90] investigates joint subcarrier, power, and rate allocation in OFDMA
systems to maximize ergodic rates using WSRmax. This paper derives a con-
vex formulation and an optimal scheduling policy through a time-sharing ar-
gument, which can afford a linear complexity, O(NK). Additionally, [90] in-
troduces on-line scheduling through stochastic approximation iteration, which
is capable of dynamically learning the intended channel statistics and asymp-
totically converging to the off-line optimal solution regardless of the initial
condition. [90] shows that an optimal scheduling algorithm can be simply de-
vised for OFDMA uplink operations by changing the sum-power constraint to
individual constraints.
[56] presents a unified algorithmic framework for WSRmax resource
allocation. This paper formulates both continuous and discrete ergodic WS-
Rmax in OFDMA systems based on a dual optimization framework using
perfect CSI. The derived algorithms in [56] require linear complexity, O(NK),
to solve the ergodic rate maximization problem while achieving relative gaps
of less than 10−4 in practical scenarios. Additionally, this paper shows that
ergodic rate maximization is less complex than instantaneous rate maximiza-
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tion. Therefore, WSRmax optimizations derived in this paper are effectively
applicable in practical situations when ergodic rates are considered.
[91] studies resource allocation algorithms for ergodic continuous and
discrete rate maximization in OFDMA systems with imperfect CSI due to
estimation errors, as well as channel feedback delay. With the derivation
assuming imperfect CSI, [91] shows that the proposed algorithms need a com-
plexity of O(NK) per iteration and achieves relative duality gaps of less than
10−5 for continuous rates and 10−3 for discrete rates in typical scenarios. The
main contribution of this paper is that it presents an analytical framework for
the partial CSI case whose derivations and complexity issues are significantly
different from the perfect CSI case. Approximated closed-forms for the per-
formance evaluation in this paper give insight to the effect of imperfect CSI in
resource allocation for OFDMA systems.
In [92], a well-known and popular contention based ‘opportunistic split-
ting algorithm’ was proposed. The main idea of opportunistic splitting is to
divide the time frame into equal sized time slots. The time slots are then
classified according to two main goals. The first is to get feedback from in-
dividual users, as each time slot is made up of several mini slots allocated to
users for feedback. The remaining time slots are used for data transmission to
the selected user. In the proposed opportunistic splitting algorithm, all users
send their feedback during a mini slot if their current SNR is between the pair
of thresholds that all users maintain. When collision among users occurs, the
thresholds are modified based on the number of users that competed during a
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mini slot. This procedure is repeated until only one user contends for feedback
during a mini slot. [92] shows that 2.5 mini slots are necessary to find the user,
on average. Additionally, this paper shows that the proposed scheme achieves
higher capacity with the channel with memory. The contribution of this pa-
per is that the proposed contention based opportunistic splitting algorithm
achieves sub-optimal capacity with relatively small feedback and mini slots.
[93] proposed a random access based feedback protocol for clustered
OFDM down link. The proposed scheme allows users to feed channel infor-
mation back to the base station (BS) in a distributed fashion. While oppor-
tunistic splitting requires two way communication between the BS and users
on every mini slot, the scheme proposed in [93] necessitates only one way com-
munication. In this scheme, active users send a feedback message with some
probability if the average channel quality on one cluster is above a specific
threshold. The threshold and feedback probability are optimized to maximize
the overall sum throughput. If any user is not identified during contention
period, the BS randomly selects one user to transmit data. Although the
achievable throughput of this model is less than the opportunistic splitting
algorithm, the main advantage of [93] is that it exploits multiuser diversity
with reduced feedback overhead.
For the best effort traffic, [94] proposed a simple contention-based feed-
back reducing technique, static splitting, that requires only one-way commu-
nication as in [93]. In static splitting, users are split into ‘static’ groups in
order to reduce the probability of collision and subsequently achieves a higher
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system throughput. Unlike previous contention-based opportunistic feedback
schemes that commonly use the SNR level to decide threshold values, the pro-
posed scheme in [94] combines static splitting with maximum quantile (MQ)
scheduling. The main idea is to schedule the user whose current rate is highest
relative to its own distribution. The simulation results show that MQ schedul-
ing maximizes the sum throughput asymptotically in the number of user and is
robust to measurement errors compared to conventional SNR scheduling. The
other contribution of this paper is that the authors developed a feedback re-
duction scheme for a mixture of best effort and real-time traffic. The proposed
joint polling and opportunistic scheduling (JPOS) is a combination of a token-
based scheduling and MQ scheduling. By using JPOS, the proposed scheme
can provide Quality of Service (QoS), as well as reduce feedback overhead.
In [95], two constant complexity resource allocation schemes using op-
portunistic feedback over downlink OFDMA networks was proposed. One
scheme uses contention-based opportunistic feedback as previously explained
in [92–94], while the other scheme uses subsequential feedback that contains
information if the gain of each subcarrier lies within the pair of thresholds.
The former reduces feedback overhead to O(M log K), while the latter requires
more feedback overhead, O(M log M log K), because of the M length bit vec-
tor consisting of zeros and ones corresponding to the M tones. An optimal
WSRmax problem requires O(KMBreal) of feedback overhead to achieve the
optimal capacity, where Breal is the required bits for quantizing a channel gain.
Additionally, the complexity of the proposed scheme is constant, depending on
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number of iterations at the BS to find the optimal value of λ in the Lagrange
dual decomposition method, while that of WSRmas requires O(MK). Simu-
lation results show that the proposed schemes reduce feedback overhead while
achieving a smaller Sum-Rate compared to the optimal WSRmax. Thus, the
tradeoff between feedback overhead and the Sum-Rate needs to be carefully
considered for this approach.
2.3 System Model
2.3.1 The Conventional Power Allocation for Clustered OFDMA
Systems
The analysis begins with a simple model of the downlink of a clustered
multiuser OFDM system, where a base station (BS) supports multiple users.
In a clustered multiuser OFDM system, the subcarriers are divided into several
clusters and each cluster is allocated to a user by opportunistic scheduling. Let
the total subcarriers in a multiuser OFDM system be N and the cluster size
be Nc. Then, there exist bN/Ncc clusters consisting of Nc subcarriers.
The received OFDM symbol of the ith cluster for the kth user is given




pnsn,k + zn,k, Nc(i− 1) + 1 ≤ n ≤ Nci (2.1)
where hn,k is an independently and identically distributed (i.i.d.) complex
Gaussian channel gain [96], pn is the power allocated to the n
th subcarrier,
sn,k is the transmitted data symbol, and zn,k is an i.i.d Gaussian noise with
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mean zero and variance σ2 for the nth subcarrier. The channel is assumed to
be static during a coherence time Tc, |sn,k|2 = 1, and inter-symbol interference
(ISI) is perfectly eliminated through a cyclic prefix. Then, the received SNR





Correspondingly, the maximum achievable data rate for the ith cluster is given
by














where B is the bandwidth of a cluster consisting of Nc subcarriers.
Under opportunistic user scheduling, each user feeds back quantized
information of the achievable rate for each subcarrier cluster. Then, the home
BS assigns each subcarrier cluster to a user with the best achievable rate
to achieve multiuser diversity gain. From a practical viewpoint, the cluster
allocation can be done periodically on the order of a channel coherence time
or training.
2.3.2 Random Waterfilling Power Allocation
As previously mentioned, the throughput difference between optimal
waterfilling and equal power allocation grows as the SNR diminishes [87]. In
this context, a new random waterfilling power allocation is proposed that is ap-
plicable to clustered multiuser OFDM systems. In random waterfilling power























Figure 2.2: Equal power allocation vs. random power allocation
and then the power for a cluster, Pc = P/bN/Ncc is randomly allocated to
subcarriers in a cluster. Fig. 2.2 (b) is an example when the cluster size is
two. In this case, the power allocated to each subcarrier for the first clus-
ter are u1 · 2P/N and u2 · 2P/N , respectively, where u1 and u2 are random
numbers between 0 and 1 and satisfies |u1| + |u2| = 1. Then, each cluster is
assigned to the user with the highest achievable data rate. Correspondingly,





















Compared to conventional waterfilling systems, where u1 and u2 are obtained
with the exact channel state information under a given power constraint,
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the proposed random waterfilling takes advantage of conventional waterfill-
ing without the exact channel state information at the transmitter. In other
words, if there is a sufficiently large number of users, the possibility that the
randomly generated power coefficients, u1 and u2, match to the exact water-
filling power configuration significantly increases because each user’s channel
is faded independently. Eventually, multiuser diversity is efficiently amplified
from random power generation.
2.4 Throughput Analysis under Opportunistic User Schedul-
ing
2.4.1 Conventional Clustered OFDMA Systems with Equal Power
Allocation













where P is the total transmit power, and, correspondingly, the total power
allocated to one cluster, Pc is P/bN/Ncc. Fig.2.2 (a) shows the concept of
equal power allocation in an multiuser OFDM system with cluster size Nc = 2.


















where B is the bandwidth of a cluster consisting of Nc subcarriers.
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2.4.2 OFDMA System with the Proposed Random Waterfilling
Since each cluster is assigned to the best user after random power al-


























E [R1,k] bps, (2.8)














Because it is difficult to derive a closed form of Cavg, numerical integration
or a Monte Carlos simulation can be used to find Cavg. However, an upper
bound on the ergodic capacity can be derived using order statistics [97] [98].
The analytical upper bound can explicitly explain how the ergodic capacity
increases with the number of users. For analytical simplicity, system with


































where it should be noted that the expectation E[·] can move into log2(·) since
a log function is a monotonically increasing function. Using order statistics,




























S21,k · exp(−x) exp(−y)dudxdy − E [S1,k]2 . (2.15)
where x = h21,k, y = h
2
2,k, and u = u1 respectively.

















From the derived upper bound on the ergodic capacity, it can be found that the
ergodic capacity of the clustered multiuser OFDM system with the proposed








regardless of the cluster size,
because the cluster size affects the mean and variance of S1,k in (2.16).
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2.4.3 Weighted Sum Rate Maximization (WSRmax)
As previously explained in Section 2.2, the optimal DL OFDMA re-
source allocation is WSRmax [56, 89–91]. Although the goal of this research
is only focused on the performance enhancement of the clustered OFDMA
systems with equal power allocation without an increase of complexity and
feedback, the performance of WSRmax can be provided for the optimal upper
bound. WSRmax is briefly summarized in this context.
If we consider a full CSI environment, the achievable capacity of user
k on subcarrier n is obtained by
rn,k = log2 (1 + pn,kγn,k) (2.17)
where γn,k = |hn,k|2/σ2 and pn,k is power allocated to user k on subcarrier n.
Let Kk denote the set of subcarriers allocated user k. Since each sub-
carrier is allowed to be allocated by at most one user, Ki ∩Kj = ∅ for i 6= j
and
⋃K
k=1 Kk ⊂ {1, 2, · · · , N}. Then, the WSRmax problem is formulated by












pn,k ≤ P (2.18)
where pn,k ≥ 0 for ∀k and ∀n, wk is weight assigned to user k. Subsequently,










log2 (1 + pn,k(λ)γk,n)− λpn,k(λ)
}]
subject to λ ≥ 0 (2.19)
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where [f(x)]+ = max(0, f(x)) and γ0,k(λ) = λln2/wk. This power allocation
is eventually multi level water-filling with cut off SNR γ0,k(λ). Because the
duality gap is known to be near zero for a practical number of subcarriers,
the optimal power and subcarrier allocation are obtained by Lagrange dual
decomposition.































Figure 2.3: The capacity comparison with different SNR. The capacity dif-
ference between random waterfilling (RWF) and equal power (EQP) scheme
increases as the SNR decreases
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Figure 2.4: The gain with different SNR. The proposed scheme becomes more
efficient as SNR decreases.
2.5 Numerical Results
In this section, random waterfilling is analyzed using numerical results.
An OFDM symbol duration is assumed to be 100.8µs, which corresponds to
IEEE 802.16 WirelessMAN [11]. Also users with 3 km/hr mobility are consid-
ered so that the coherence time equals 43.5 msec when the center frequency is
3.6 GHz.
The comparison of normalized capacity for each scheme is shown in Fig.
2.3. In this figure, it can be verified that the proposed random waterfilling has
29


























Cluster size = 2
Cluster size = 4
Cluster size = 8
Cluster size = 16
Figure 2.5: The normalized capacity with different cluster sizes at -10 dB
when random waterfilling is used. The throughput gain decreases as the size
of cluster becomes larger.
an advantage over the conventional equal power allocation in the very low SNR
regime. Additionally, the capacity gain over equal power allocation for various
received SNR levels is presented in Fig. 2.4. This figure suggests that the
random waterfilling algorithm can be more effectively used when the received
SNR decreases. This capacity gain comes from the better efficiency of the
waterfilling algorithm in the lower SNR regime. Since the power configuration
of random waterfilling approaches to that of the optimal waterfilling for a large
number of users, the capacity gain over conventional equal power allocation
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increases as the number of users are increased. Therefore, the proposed random
waterfilling scheme can be effectively adopted to the overlaid systems operating
in the very low SNR regime.

























Block size = 2
Block size = 4
Block size = 8
Block size = 16
Figure 2.6: The normalized capacity with different cluster sizes at -10 dB when
equal power allocation is used. The throughput gain decreases as the size of
cluster becomes larger.
Fig. 2.5 compares the normalized capacity, which is the same as the
spectral efficiency, for different cluster sizes. Interestingly, it is observed that
normalized capacity decreases with cluster size when using the random wa-
terfilling power allocation due to the increased dimension. As the cluster size
becomes larger, the dimension, the number of subcarriers in this case, for
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The derived upper bound of random waterfilling
Random waterfilling
Figure 2.7: The derived upper bound of random waterfilling at -5 dB.
the waterfilling algorithm grows proportionally. Since this increase in dimen-
sion reduces the probability that random power allocation becomes similar
to the optimal waterfilling configuration, it is obvious that the sum capacity
is decreased as the cluster size is increased. The same inefficiency from the
increased dimension is also found in the conventional opportunistic multiuser
OFDM systems as shown in Fig. 2.6.
The analytic upper bound on the normalized capacity of the proposed
random waterfilling is shown in Fig. 2.7, which was derived in (2.16). Al-
though the analytical upper bound is not tight, it can be verified that the
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Figure 2.8: Capacity using WSRmax is the upper bound of the capacity.








Furthermore, the derived approach can
be applied to the conventional opportunistic multiuser OFDM systems. Al-
though their upper bounds are different from that of the proposed random
waterfilling due to the different mean and variance given in (2.14) and (2.15),
it is easy to estimate that the conventional opportunistic multiuser OFDM









Finally, Fig. 2.8 compares the capacity of the proposed scheme with
that of WSRmax resource allocation and conventional equal power allocation
with opportunistic scheduling. Equal weights are assumed for the opportunis-
tic user selection. It is obvious that WSRmax achieves the optimal capacity
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and is more efficient as operating SNR range decreases. While the WSR-
max achieves the upper bound of capacity, it requires full or partial CSI of
all subcarriers, as well as iterative procedures to obtain multi level waterfill
power allocations. Although WSRmax is the optimal resource allocation for
DL OFDMA systems, open loop power control is still required for the systems
with a more limited feedback and lower complexity requirement, or in a very
fast fading environment [26, 27]. Therefore, although Random Waterfilling
achieves smaller capacity compared to WSRmax, a meaningful performance
enhancement over conventional open loop power control is achieved without
an increase of feedback or complexity by Random Waterfilling as shown in Fig.
2.8.
2.6 Conclusions
In this chapter, a new random waterfilling power allocation applica-
ble to clustered multiuser OFDM systems operating in the low SNR regime
has been proposed. The proposed random waterfilling effectively amplifies the
multiuser diversity gain in perspective of power allocation so that a meaningful
capacity gain over conventional equal power allocation is achieved in the low
SNR regime. This chapter also provides the upper bound on the sum capacity
for the proposed random waterfilling, which explains how the sum capacity in-
creases with the number of users. The proposed random waterfilling algorithm
is effective in the very low SNR regime compared to equal power allocation.
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Chapter 3
Modified Multi-mode Power Loading Scheme
for Large Dimensional OFDM Systems
3.1 Background and Prior Work
Adaptive power loading techniques according to the channel variations
are able to enhance the capability of OFDM systems [62, 99]. Specifically,
OFDM systems using distributed subcarriers, such as precoded OFDM sys-
tems [100] or distributed mode in 3 GPP LTE [12], require adaptive power
loading to efficiently improve achievable capacity. However, in general they
require a large amount of feedback information and other overhead for the link
adaptation.
Several techniques have been studied for adaptive power loading with
limited feedback. Power loading using threshold value was proposed in [75],
where water-filling and on-off power configurations are decided for the subcar-
rier whose channel gain is over threshold value. In [101], the performance of
subcarrier allocation, power allocation, and rate loading with one bit feedback
per subcarrier is analyzed. The paper [102] studies the minimum feedback rate
required to specify the sequence of active subchannels for on-off power con-
figuration. The performance analysis of one-bit channel feedback with perfect
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and imperfect feedback channel knowledge is presented in [31]. Among many
techniques, the multi-mode power loading technique [53] is attractive since it
avoids iterative procedures and periodic updates of a threshold value in or-
der to find the best power loading configuration. Multi-mode power loading
is a power loading algorithm based on the on-off configurations of subcarri-
ers, where the transmitter equally allocates its available power only to the
subcarriers indicated as “on”. In multi-mode power loading, the transmitter
and receiver share a codebook containing all possible on-off configurations of
the subcarriers, and the receiver selects a codeword maximizing capacity by
a brute-force search of the whole codebook. By only feeding the index of the
selected codeword back to the transmitter, the multi-mode power loading is
able to limit the required feedback bits to N bits for power loading, where N is
the total number of subcarriers. However, this technique’s critical drawback is
that the complexity of brute-force searches over the codebook grows exponen-
tially with N so that multi-mode power loading becomes impractical for large
N . Research has shown that multi-mode power loading is plausible only when
N is around 10 considering the complexity of the brute-force searches [53].
In this context, a new power loading technique is proposed to generate
the same optimal power loading configuration as the multi-mode power load-
ing technique without recourse to brute-force searches [103]. The proposed
technique requires only N searches while the multi-mode power loading neces-
sitates 2N − 1 brute-force searches. Thus, the method works well with large
N on a practical level. The required feedback amount of the proposed tech-
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nique is the same as the multi-mode power loading: N bits. In addition, the
proposed technique does not need a shared codebook, so it is able to save the
memory space for the codebook at the transceiver.
3.2 System Model
This section begins with a simple model of the downlink of N tone (or
N subcarrier) OFDM system. If perfect pulse shaping, sampling, synchroniza-
tion, and phase recovery are assumed, the received OFDM symbol at a given
symbol time can be described as y = [y1 y2 · · · yN ]. The ith component of y,
yi is given by
yi = hixi + zi (3.1)
where hi is an independent and identically distributed (i.i.d.) complex Gaus-
sian channel gain [96], xi is the transmitted signal, and zi is an i.i.d Gaussian
noise with mean zero and variance σ2 for the ith subcarrier. The channel gain
hi is assumed to be static during a symbol duration. The frequency domain
input-output expression from (3.1) can be collected in vector form as
y = Hx + n (3.2)
where y = [y1 y2 · · · yN ]T , H = diag(h1, h2, · · · , hN), x = [x1 x2 · · · xN ]T ,
and n = [n1 n2 · · · nN ]T . It is assumed that E[n∗i nj] = 0 when i 6= j. In this
chapter, h will be used to refer to [h1 h2 · · · hN ]T





where pi is the allocated power to i
th subcarrier and si is the transmitted data
symbol. Then, total power constraint is given by
N∑
i=1
pi = P. (3.4)
Also it is assumed that capacity is independent of the phase and |si|2 = 1 on
each subcarrier.
3.2.1 Multi-mode Power Loading
The key ideas of multi-mode power loading [53] can be used to derive the
proposed power loading technique. Let S be the set of all non-empty subsets
of {1, 2, 3, · · · , N}. Then the vector space A consisting of 2N − 1 vectors pi is
defined by






ei | ∀I ∈ S
}
(3.5)
where ei is the ith column of the N × N identity matrix and card(I) is the
cardinality of I.
In multi-mode power loading, the optimal power configuration is se-










subcarriers to maximize the achievable capacity such that
popt = arg max
p∈A













where p is a power loading vector p = [p1 p2 · · · pN ]T and the total power con-
straint is
∑N
i=1 pi = P = 1. As mentioned in the Introduction, the brute-force
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searches of 2N − 1 candidates makes the multi-mode power loading infeasible
as N grows.







ei | ∀I ∈ S, card(I) = k
}
(3.7)
where k ∈ {1, 2, · · · , N}, the optimal power configuration after brute-force
searches given in (3.6) can be alternatively expressed by the following two
steps:
popt,k = arg max
p∈Ak





























3.2.2 The Proposed Power Loading Technique
The proposed power loading technique is motivated by the alternative
expressions given in (3.8) and (3.9). For a given k, the optimal power loading
vector popt,k in (3.8) has k non-zero elements with the value of 1/k. According
to multi-mode power loading, the optimal indices of non-zero elements of popt,k






Instead of the brute-force searches, the proposed technique exploits the
strictly increasing property of a log function. For a given k, the capacity
Ck(p|h) is maximized when the indices of non-zero elements of p equal to
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the indices of the k highest elements of h since the function log2(·) is strictly
increasing. Correspondingly the maximum achievable capacity for a given k
is given by






















where h̃ is the vector representing the sorted channel gains and given by
h̃ = [h̃1 · · · h̃N ] = [hg(1), · · · , hg(N)] (3.11)
where |h̃i| > |h̃j| if i < j and g(n) indicates the index of the nth largest element
of h. Therefore, the optimal power loading vector for given k can be easily
determined by sorting the channel gains of N subcarriers in a descending
order and finding the indices of the k largest channel gains. Let popt,k =





if i ∈ {g(1), g(2), · · · , g(k)}
0 otherwise
(3.12)
Finally, popt is selected among N candidates popt,k, k = 1, · · · , N to maximize
the capacity as in (3.9). Brute-force searches are not used in the proposed
scheme. Instead, the order of channel gains is exploited to find popt,k for each
k. Therefore, the total required searches to find popt is reduced to N while
multi-mode power loading requires 2N − 1 searches.
Although the idea of sorting subchannel gains, (3.11), was introduced
previously in [54], the proposed scheme exploits the sorting in a novel way. [54]
proposed 2 efficient greedy loading algorithms that require 5 step procedures:
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Grouping −→ Sorting −→ Clustering −→ Equivalent subchannel gains −→
Greedy loading over clusters. Key idea of efficient greedy loading (EGL) is that
logical clusters can be assumed to be in a flat fading by sorting subchannel
gains in a group. So sorting is used for clustering subchannels. The complexity
for two EGL schemes is proportional with
Nsorting + (Ncluster ×Niterations) + Nmultiplies + NTA (3.13)
where Nsorting, Ncluster, Niterations, Nmultiplies, and NTA are the number of sort-
ing, clusters, iterations, multiplies, and table access respectively.
On the other hand, the proposed scheme in this chapter uses on-off
power loading that does not require iterations. In this approach, sorting has
been used for reducing the amount of brute-force search. Previous multimode
power loading requires 2N − 1 comparison while the proposed scheme necessi-
tates only N (number of comparison) + N log2 N (number of sorting).
Eventually, although both EGL and the proposed scheme in this chap-
ter use sorting, their goal and loading approach is quite different (sorting is
a part of loading algorithm). In EGL, logical cluster decreases dimensions of
greedy loading and sorting makes logical cluster possible. As shown in (3.13),
complexity is not dependent on sorting only. In the proposed scheme, sort-
ing makes the required comparison small but is not related with clustering
(smaller dimension). Complexity of the proposed scheme is not dependent
on sorting only either. Therefore, the contribution of power loading proposed
in this chapter is to decrease the number of brute-force search using sorting
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and to make a bitmap that does not use codebook in conventional multimode
power loading.
The proposed technique achieves the same optimal power configuration
as multi-tone power loading without brute-force searches and requires the same
amount of feedback bits: N bits. Relaxing the requirement of brute-force
searches enables the proposed technique to be practically feasible even with
large N . The proposed technique works well without a shared codebook so
it is able to save the memory space. Fig. 3.1 presents the algorithm of the
proposed technique.
3.3 Numerical Analysis
In this section, the proposed technique is compared with multi-mode
power loading and waterfilling power loading with full CSIT in terms of the
search amount and the achievable capacity.
The averaged spectral efficiency between the proposed scheme and
multi-mode power loading is compared in Fig. 3.2. Because multi-mode power
loading is impractical for large N as noted in [53], each capacity is compared
when N = 4. This figure shows that the averaged spectral efficiency of the
proposed scheme is exactly the same as the averaged spectral efficiency of
multi-mode power loading. From this figure, it can be verified that the pro-
posed scheme can select the same power loading vector as multi-mode power




Receiver sorts channel gain in 
a descending order:





Power loading vector is determined by
k
Figure 3.1: The flow chart of the proposed scheme.
The required search amount of the proposed scheme and multi-mode
power loading is compared in Fig. 3.3. As previously mentioned, the con-
ventional multi-mode power loading requires 2N − 1 searches to find the best
power loading configuration while the proposed scheme necessitates only N
searches to find the same optimal power loading configuration. The only ad-
ditional complexity of the proposed technique at the receiver is for a simple
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Figure 3.2: Capacity comparison between the proposed scheme and multi-
mode power allocation. Both capacities are exactly same as each other.
ordering to find the indices of the k highest channel gains for given k, but this
consideration is marginal.
Finally, Fig. 3.4 shows the averaged spectral efficiency of the pro-
posed scheme, multi-mode power loading, waterfilling with full CSIT, and
equal power allocation. The capacity difference between the proposed scheme
and waterfilling with full CSIT is marginal while the required feedback amount
is significantly reduced in the proposed technique. For example, if it is assumed
that B bits are required for feedback of one subcarrier channel gain, full CSIT
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Figure 3.3: Search amount comparison between the proposed scheme and
multi-mode power allocation. The proposed scheme can reduce search amount
significantly.
necessitates BN bits while the proposed scheme and multi-mode power loading
only need N bits for feedback.
3.4 Conclusions
This chapter has proposed a new power loading technique circumvent-
ing the limits of multi-mode power loading while maintaining the advantages
of multi-mode power loading. The proposed technique reduces the required
search amount to N while multi-mode power loading must perform 2N − 1
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Waterfilling with full CSIT
The Proposed Scheme and Multi−mode Power Loading
Equal power Loading
Figure 3.4: Spectral efficiency of various power loading techniques. Capacity
loss of the proposed scheme is marginal compared to the capacity of the optimal
power loading.
brute-force searches to find the best power configuration. As a result, the
proposed technique works well even for large N whereas multi-mode power
loading does not. Through the analysis and numerical results, the proposed
technique has been shown to achieve the same capacity as multi-mode power
loading with significantly reduced search requirements and the same amount
of feedback. The advantage of the proposed scheme will be more dominant




Power Loading Using Order Mapping in
OFDM Systems with Limited Feedback
4.1 Background and Prior Work
Power loading plays an important role in the performance of OFDM
systems in frequency selective fading. Without knowledge of the subcarrier
channel gains at the transmitter, equal power loading across the subcarriers
is the best strategy and shows reasonable performance in the high signal-to-
noise ratio (SNR) region [86]. However, the poor performance of equal power
loading at low SNR necessitates adaptive power allocation. On the other hand,
waterfilling is optimal if channel state information at the transmitter (CSIT)
is available [16, 82], but the amount of feedback required for full knowledge of
the subcarrier channel gains is prohibitive [23, 104]. Moreover, the complexity
of waterfill power loading is impractical in commercial wireless systems.
In limited feedback environments, a simple but practical approach for
channel estimation is the use of comb-type channel knowledge. Instead of
feeding all the channel gains back, only the channel gains of the pilot symbols
are fed back to the transmitter, and then the channel gains of other subcarriers
are estimated by interpolation [39, 70–74, 76]. Although the comb-type pilot
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structure can efficiently reduce the amount of feedback, the amount of feedback
information required to determine an appropriate power level is still a burden
in a limited feedback environment because emerging OFDM systems, such
as [11, 12], exploit very broad spectrums.
Besides comb-type pilots, there have been several other notable tech-
niques to reduce the amount of feedback information in OFDM systems. For
example, Leke and Cioffi proposed a maximum rate loading algorithm in which
the receiver feeds the on-off tone configuration back to the transmitter [75].
The required feedback amounts are reduced to N bits for OFDM systems with
N subcarriers, but the threshold for on-off decisions must be adaptively de-
termined at the receiver in time-varying channels. For OFDM power loading
using the Lloyd algorithm [76, 77, 105], a codebook for power quantization is
heuristically and iteratively constructed to maximize capacity. Although the
Lloyd algorithm shows a decent capacity gain, it neither guarantees the glob-
ally optimized codebook nor yields any closed-form codebook. Furthermore,
the heuristic and iterative codebook construction must be repeated as channels
vary. Quantization errors are also sensitive to the codebook size.
Another notable technique is multi-mode power loading, which was pro-
posed by Love and Heath [53]. In this scheme, instead of adaptively finding
a threshold for the “on-off configuration”, the transmitter and receiver share
a codebook containing all possible on-off configurations of subcarriers. The
receiver selects a codeword maximizing capacity by a brute-force search of
the codebook and then feeds the index of the selected codeword back to the
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transmitter. Although this technique requires only N bits without an itera-
tive procedure, the brute-force search of a codebook is impractical for OFDM
systems with a large number of subcarriers, as noted in [53], because the
achievable capacity for every codeword has to be calculated at the receiver
during the brute-force search. Rather this approach is suitable for multiple
antenna (MIMO) systems since the dimensions of MIMO systems are typically
small [106, 107]. Other feedback compression techniques that originated from
MIMO research [108–111] suffer from similar problems when they are applied
to adaptive OFDM systems, whose dimensions are typically larger than those
of MIMO systems.
To circumvent the practical shortcomings of previous adaptive OFDM
techniques using limited feedback, this chapter introduces a new OFDM power
loading algorithm using the order information of the subcarrier channel gains.
The analysis and simulation results show that the proposed technique achieves
comparable capacity and feedback reduction to previous OFDM power loading
using limited feedback. In addition to this improvement, the proposed tech-
nique does not suffer from the practical drawbacks of previous power loading
using limited feedback because the proposed scheme simply uses order map-
ping and interpolation. Compared to power loading using comb type pilots,
the proposed scheme significantly reduces the required feedback amount while
it achieves similar capacity to the waterfill power loading using comb type
pilots.
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4.2 Channel and System Models
4.2.1 Channel Model and Statistics
A collection of multiple channels for subcarriers can be modeled as a
set of mutually dependent fading channels. This set of mutually dependent
fading channels can be characterized by their correlation among subchannels.
Let h be the channel vector over N subcarriers given by [h1 h2 · · · hN ]T . If
w is CN(0, I) and A is a complex matrix, h = Aw is also circular symmetric
Gaussian with covariance matrix Σh [112]. Then the covariance matrix Σh is
given by



































, Trms is the rms delay spread, and Ts is the symbol








, h ∈ CN . (4.2)
Additionally, based on the covariance matrix, the correlation function between










where ∆f is the subcarrier separation given by an integer and p equals the
averaged power stored in one symbol.
4.2.2 System Model
Consider an OFDM system with N subcarriers. If perfect pulse shap-
ing, sampling, synchronization, and phase recovery are assumed, the received
OFDM symbol at a given symbol time can be described as y = [y1 y2 · · · yN ].
The ith component of y, yi is given by yi = hixi +zi, where hi is a jointly com-
plex Gaussian channel gain with N correlated elements, xi is the transmitted
signal, and zi is independent and identically distributed (i.i.d.) Gaussian noise
with mean zero and variance σ2 for the ith subcarrier. The channel gain hi
is assumed to be static during a symbol duration. Then the received OFDM
symbol can be represented in a vector form by
y = Hx + n (4.4)
where y = [y1 y2 · · · yN ]T , H = diag(h1, h2, · · · , hN), where ph(h) is given by
(4.2), x = [x1 x2 · · · xN ]T , and n = [n1 n2 · · · nN ]T , where ni ∼ CN(0, N0) for
all i and E[n∗i nj] = 0 if i 6= j.
The transceiver block diagram of the adaptive OFDM system is de-
scribed in Fig. 4.1. To estimate channel quality (or state) information (CQI
or CSI), the transmitter periodically sends a known pilot sequence so that the
channel gain or phase shift can be detected in the channel estimator of the
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Figure 4.1: An adaptive OFDM transmitter. Modulation level or power level
is adjusted by channel state (or quality) information from the receiver.
level to be transmitted is decided for the demodulator. Correspondingly, the
estimator transmits collected information to the transmitter via the feedback
channel. At the transmitter, rate adaptation or power adaptation is carried
out based on CSIT.
4.3 Channel estimation scheme for adaptive OFDM sys-
tems
In limited feedback environments, the performance of adaptive OFDM
systems is highly dependent on the accuracy of feedback. The tradeoff be-
tween limited feedback and the requirement of high spectral efficiency is a
critical issue in this context. Although comb-type pilot structures achieve
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sufficient spectral efficiency with relatively low amount of feedback, a more
efficient channel estimation scheme is required since emerging OFDM systems
are exploiting larger spectrum compared to previous OFDM systems.
4.3.1 Comb-Type Channel estimation with Linear interpolation
A practical and popular way to reduce the burden of channel feed-
back is channel estimation using comb-type pilots [7, 70]. In a comb-type pilot
structure, Np pilots are equally spaced across subcarriers so that pilot signals
are transmitted over every L = bN/Npc subcarrier. Pilot spacing, L, is nor-
mally smaller than and proportional to coherence bandwidth. Note that the
comb-type pilot arrangement is sensitive to many factors, such as frequency
selectivity and coherence bandwidth, so that there could be a different solu-
tion for each purpose. In this research, an equidistance pilot is applied for an
optimal pilot arrangement as generally assumed in many studies [38–40].
If a perfect phase recovery is assumed, the subcarrier channel gain for
the kth pilot symbol is given by ĥkL+1, where k ∈ {0, · · · , Np − 1}. Then,
the subcarrier channel gains between the pilot subcarriers are estimated by a




(l − 1) + |ĥkL+1| 1 ≤ l ≤ L. (4.5)
Note that a simple linear interpolation was adopted for an example, but various
other interpolation techniques can be employed. Although there could be many
approaches to assigning the right-edge pilot, that is, the Np-th pilot obtained
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from hN+1 that is not actually detected, the last subcarrier hN , is simply
repeated in this chapter as shown in [73].
Owing to the correlation between adjacent channels, the comb-type
pilot structure provides a nearly perfect estimation with a smaller amount of
feedback than with a block-type pilot structure [104].
4.3.2 Channel Estimation Technique Using Order Information of
Pilot Channel Gains
Instead of feeding back all the subcarrier channel gains of the comb-
type pilots, the channel estimation technique using order information of the
pilot channel gains feeds back only the channel gain order of the comb-type
pilots and the maximum and the minimum channel gains (hmin and hmax)
among all the comb-type pilots. The order information is transferred by an
index from a predetermined codebook, A, containing all the possible orders of
subcarrier channel gains. The codebook table is shared by both the receiver
and transmitter. At the transmitter, the Np− 2 values between the maximum
and the minimum subcarrier channel gains are obtained by interpolation. If




Np − 1 (j − 1) + hmin (4.6)
where j ∈ {1, · · · , Np}. Then the interpolated values are mapped to the
transmitted pilot subcarriers according to the channel gain order of the comb-
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Figure 4.2: Channel estimation using gain order information. After MIN-MAX
interpolation, Order mapping reconstructs pilots for channel estimation
becomes only 2B + log2 (Np!) bits because indexing all the possible orders re-
quires log2 (Np!) bits, and 2B bits are used for the feedback of hmin and hmax.
Once the channel gains of the transmitted pilot subcarriers are reconstructed,
the channel gains of subcarriers located between the transmitted pilot subcar-
riers are estimated in the same way given in (4.5) for waterfill power loading.
A conceptual idea of the channel estimation technique using order in-
formation when Np = 4 is illustrated in Fig. 4.2. This example assumes the
channel gain order of pilot subcarriers to be [1 4 2 3], as shown in Fig. 4.2
(a), where the number denotes the pilot symbol index. In this case, the first
pilot subcarrier has the smallest channel gain, and the second pilot subcarrier
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has the largest channel gain. Since four pilot symbols are transmitted in this
comb-type pilot structure, there are 4! (= 24) possible codewords, that is, A =
{a1, a2, · · · , a24}, for channel gain ordering. This example assumes the order
[1 4 2 3], which corresponds to a5 in A. Therefore, the receiver feeds hmin, hmax,
and the index 5 back to the transmitter for channel estimation. The trans-
mitter reconstructs the two values between hmin and hmax by interpolation,
as shown in Fig. 4.2 (b). Subsequently, the interpolated values are mapped
to the transmitted pilot subcarriers according to a5 as in Fig. 4.2 (c). As a
result, the estimated channel gains by the proposed technique become similar
to those by the conventional channel estimation using a comb-type pilot struc-
ture, as shown in Fig. 4.2 (a), while the amount of feedback information of
the channel estimation technique using order information is considerably less.
4.4 System Analysis
To determine the effectiveness of OFDM systems with an order map-
ping channel estimation scheme, this section analyzes adaptive OFDM power
loading techniques with an OM scheme as well as conventional adaptive OFDM
power loading techniques with various feedback schemes.
4.4.1 The Amount of Feedback
The essential idea of adaptive OFDM systems is to design p = [p1 p2 · · ·
pN ]
T or to determine a proper modulation coding method based on channel
gains to maximize the system capacity. In a limited feedback environment,
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however attaining CSIT with reasonable accuracy is a large burden in that
it necessitates decreasing the required feedback. If B bits are required to
feed a subcarrier channel gain back to the transmitter, the total amount of
feedback for adaptive OFDM systems using conventional comb type pilots
is reduced to Bcomb = NpB bits. In comparison, block type pilots requires
Bblock = NB bits feedback for the perfect CSIT in adaptive OFDM systems.
As previously mentioned, channel estimation with order information requires
Bom = 2B + log2 (Np!) bits feedback.





Based on the efficiency given by (4.7) and channel correlation, the optimal size
for pilot spacing, L, can be decided for the channel estimation with the OM
technique.
4.4.2 Channel Estimation Accuracy
This subsection investigates the accuracy of the estimated channel gains
through a comb type pilot structure and the proposed method. An effective
way to evaluate the accuracy of estimation is Mean Square Error (MSE).
However, the effect of an MSE value is different according to the real channel
gain. That is, the significance of a MSE value is determined by the level of a














which measures the relative effect of MSE for a given reference value E[|h|2].
4.4.3 Capacity of various feedback schemes
The waterfilling algorithm adaptively allocates power across subcarriers
according to the estimated subcarrier channel gains. The allocated power to










0 γ̂i < γ0
(4.9)










Correspondingly, the achievable spectral efficiency with waterfill power alloca-


















fh(h) dh (bps/Hz) .
(4.11)
Note that ĥi in γ̂i is replaced by hi in γi if the channel gain estimation is
perfect, which needs full CSIT.
4.5 Numerical Results
This section compares the proposed technique with various power load-
ing techniques.
58




















Comb type pilot structure
Differentially encoded comb type pilot
Channel estimation with OM
Figure 4.3: Comparison of the amount of feedback for various adaptive OFDM
feedback schemes. Feedback of the OM technique shows the smallest feedback
amount if pilot spacing is larger than 8.
4.5.1 Feedback Amount
Fig. 4.3 compares the required feedback amount according to pilot
spacings at a given N . B = 6 bits is assumed for no quantization error and
N = 256. The feedback amount of the block-type pilot structure (1536 bits)
and multi-mode power loading (256 bits) is not dependent on the number of
pilots, so it stays constant regardless of pilot spacing. Feedback of the block-
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type pilot structure is not plotted in Fig. 4.3 in order to show the difference
of the various feedback schemes more clearly. As shown in [115], channel
estimation with the OM technique requires less feedback than block-type pilot
structure, multimode power loading systems, and comb-type pilot structure if
spacing is larger than 4. For example, when the pilot spacing is 8, channel
estimation with the OM technique reduces by 62 bits compared to the 192 bits
of the comb-type pilot structure. Even compared with differentially encoded
comb-type pilot [116, 117], channel estimation with the OM technique is more
efficient in terms of the amount of feedback. The differentially encoded comb-
type pilot requires B+BdiffNp bits, where B bits is used for the average value
of pilots, Bdiff bits is required to represent the difference of each pilot from the
average value, and Np is the number of pilots. It is assumed that Bdiff = 4 bits
achieves perfect quantization. Note that the differentially encoded comb type
pilot is more efficient when spacing is less than 4. However, most practical
systems such as those described in [11, 12, 118], mandate pilot spacing larger
than 4. It should also be noted that the gap becomes larger if B or Bdiff is
increased for lower quantization error.
The efficiency of the order mapping technique over the conventional
comb-type pilot structure is described in Fig. 4.4. Due to logarithmic char-
acteristics in the feedback of channel estimation with the OM technique, the
difference in amount of feedback between the comb-type pilot structure and
the channel estimation with the OM technique increases almost linearly as the
number of pilots increases (note that n! ' nn as n goes to infinity). How-
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Figure 4.4: Efficiency of feedback related to comb-type pilot structure. OM
technique is most efficient when L=8
ever, efficiency does not linearly increase along with the number of pilots, as
shown in Fig. 4.4. Channel estimation is most efficient when pilot spacing,
L = 8 compared to conventional comb type pilot structure. Clearly, smaller
pilot spacing necessitates a larger feedback amount. In this context, tradeoff
between efficiency and feedback amount needs to be carefully considered in
the decision of pilot spacing, L. Considering that practical OFDM systems
request pilot spacing around 8 [11, 12] or 16 [8, 118] on the average, channel
estimations with the OM technique can achieve high efficiency for practical
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MSE for the comb type pilot CSIT
MSE for the proposed scheme
Figure 4.5: The NMSE difference between estimated channel gains with a
comb type pilot structure and with the proposed scheme. The gap between a
comb type pilot structure and the proposed technique is marginal
adaptive OFDM systems.
4.5.2 Comparison of Channel Estimation Accuracy
In Fig. 4.5, the normalized MSE for E[|h|2] = 1 are computed and
compared when N = 128. According to the NMSE in % shown in Fig. 4.5,
the gaps of the NMSE between the comb type structure and the proposed
scheme are less than 5% regardless of pilot spacing. When pilot spacing is 4,
the gap of the NMSE between both schemes becomes the biggest, 5%. In this
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case, the MSE values for comb type pilot structure and the proposed technique
are about −17dB and −12dB, respectively. Because both −17dB and −12dB
are sufficiently small and hence the loss in spectral efficiency due to the inac-
curacy of channel estimation is expected to be marginal. Fig. 4.5 also shows
that NMSE increases with pilot spacing, but the gap between a comb type
pilot structure and the proposed technique diminishes as pilot spacing grows.
Also it should be noted that higher channel correlation results in lower esti-
mation error in the interpolation so that NMSE will be smaller as the channel
correlation becomes high. This will results in performance improvement.
4.5.3 Comparison of Capacity
Fig. 4.6 shows achievable capacity. The achievable capacities of wa-
terfill power loading using perfect CSIT, comb-type pilot structure, and OM
technique are similar, while the required feedback of the OM technique is much
less than that of the other techniques. Because the power allocation is per-
formed with the estimated channel gain |ĥi|, the allocated power is not optimal
if |ĥi| is incorrect. As the channel estimation error becomes larger, the capac-
ity loss from the achievable capacity by the optimal power allocation becomes
significant. The MSE values for comb type pilot structure and OM technique
are sufficiently small as explained in the previous subsection. Therefore, the
capacity loss from the comb-type pilot due to the inaccuracy of channel es-
timation becomes marginal, as shown in Fig. 4.6. Because performance gap
from equal power loading increases as SNR decreases, the effectiveness of OM
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Waterfilling with perfect CSIT
Waterfilling with comb type pilot structure
Waterfilling with order mapping
Multimode power loading
Equal power allocation
Figure 4.6: Spectral efficiency of various power allocation techniques. The
feedback technique using OM technique achieves almost the same spectral
efficiency compared to previous feedback schemes.
technique is more viable when SNR range is low. Also, it should be noted that
the OM scheme is less sensitive to quantization errors than other techniques
since it utilizes channel gain order information instead of the exact channel
gain values.
The advantage of the proposed scheme can be also shown by capacity
comparison with the same feedback amount. For example, the total required
feedback is 31 and 30 bits for the proposed scheme and the comb type pilot
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scheme when L = 4 and 6-bit quantization are applied. Trms/Ts is set to be
0.11. When SNR is 5dB and the bandwidth is 20MHz, the throughput gain
is about 278Kbps(= 0.0139bps/Hz × 20MHz) over the comb type scheme,
while the throughput loss from the optimal capacity is about 492Kbps(=
0.0246bps/Hz×20MHz). Eventually, the proposed scheme achieves about 35%
enhancement in throughput loss because the comb type scheme has 770Kbps
throughput loss from the optimal capacity. Alternatively, the gain of the
proposed scheme can be quantified in terms of the total amount of required
feedback. When the pilot spacing is 8 for a 64 subcarrier system and the
quantization level is 4 bits, spectral efficiencies of both the proposed scheme
and the comb-type scheme become the same in a correlated channel with
Trms/Ts = 0.11. In this case, the total required feedback bits of the proposed
scheme and the comb-type scheme are 27 and 36 bits, respectively. The dif-
ference of the required feedback bits increases with quantization level and the
total number of subcarriers. Compared to multimode power loading, the OM
technique achieves almost the same spectral efficiency and feedback reduction.
It should be noted, however, that multimode power loading needs a brute-
force search to find the best codeword among 2N codewords. As discussed
in [53], multimode power loading becomes infeasible as N increases due to the
computational complexity at the receiver.
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4.6 Conclusion
This chapter has proposed a novel power loading technique of OFDM
systems using subcarrier channel gain order information. The analysis and
simulation results show that the proposed technique achieves comparable ca-
pacity to optimal waterfill power loading with perfect CSIT, while requiring
significantly less feedback information. It has been also shown that the pro-
posed technique is more practical than other OFDM power loading techniques
using limited feedback while achieving almost the same capacity and better
feedback reduction. The advantage of the proposed technique becomes most
apparent in the low SNR region or in OFDM systems with a large number




Adaptive Coding and Modulation Technique
Using Order Mapping for Feedback Reduction
5.1 Introduction
Among the technologies for enhancing the performance of OFDM sys-
tems, channel adapted techniques, such as power loading and adaptive mod-
ulation and coding (AMC) [17, 57, 62–67], have been popular and effective in
frequency selective fading channels.
The basic concept of these adaptive OFDM systems is to achieve op-
timal throughput by adaptive variation of the transmitted power level, the
constellation size, the coding technique, or any combination of these based on
channel variations. For this reason, the performance of adaptive OFDM sys-
tems is highly dependent on the accuracy of channel estimation at the receiver.
In this context, full CSIT is most desirable, but a limited spectrum usage of
feedback restricts the use of full CSIT [23, 104].
To circumvent the practical shortcomings of previous adaptive OFDM
techniques using limited feedback, the previous chapter introduced an OFDM
power loading algorithm using order information of the subcarrier channel
gains. The proposed channel estimation scheme for adaptive OFDM sys-
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tems achieves capacity and feedback reduction comparable to those of previous
OFDM power loading techniques using limited feedback. In addition to this
improvement, the technique proposed in Chapter 4 does not suffer from the
practical drawbacks of previous power loading using limited feedback, such
as sensitivity to quantization error, large feedback amount, and large search
amount because it simply utilizes order mapping and interpolation.
In this chapter, we extend the analysis of OFDM systems using OM
technique to adaptive OFDM systems, including AMC per subcarrier and clus-
ter. Multidimensional coded variable-rate M-QAM given in [78] is considered
for AMC. Unlike power loading, an analysis of the AMC technique gives more
practical insight because the throughput and bit error rate (BER) of AMC
are more correlated to estimation error. The analytical approach in this chap-
ter will show the effectiveness of the OM technique in a practical sense. The
analysis and simulation show that adaptive OFDM systems using the OM
technique show a comparable performance to conventional adaptive OFDM
systems in terms of bit error rate (BER) and throughput while the required
feedback amount is still significantly reduced by approximately 30% compared
to a conventional comb type pilot structure, as shown in the analysis in Chap-
ter 4. Additionally, the advantages described in Chapter 4 over previous power
loading techniques using limited feedback remains when the OM technique is
applied to OFDM systems with AMC.
68
Figure 5.1: BER comparisons between comb type pilot structure and channel
estimation using OM technique. BER of both schemes are below target BER
and marginal.
5.2 System Model
In this chapter, the jointly complex Gaussian channel [112] and sys-
tem model described in section 4.2 are assumed. While the previous chapter
analyzed the OM technique under adaptive power loading, this chapter will
analyze adaptive OFDM systems using the OM technique under more practical
discrete-rate M-QAM scheme in a jointly complex Gaussian channel model.
In the ACM OFDM system described in Fig. 4.1, the transmitter
decides on a rate of log2 Mn bits per subcarrier based on a SNR range. The
SNR range is split into R+1 regions, such that M1 < M2 < · · · < MR as shown
in Fig. 5.1. When the estimated SNR falls into the lowest SNR interval, no
data is transmitted, which is referred to as outage. R+1 regions are typically
decided as the lowest SNR region to operate at a lowest BER, called the target
BER, BER0, with limited power P. We define γ
n as the lowest SNR at BER0




The Shannon capacity defines the maximal achievable rate of data
transmission for an arbitrarily small BER. For this reason, the Shannon ca-
pacity can be an upper bound for practical adaptive communication schemes.
However, a practical limit such as channel estimation error or noncontinu-
ous coded modulation decreases spectral efficiency or BER performance. To
verify the effectiveness of adaptive OFDM systems with the OM technique
in practical environments, constant power with ACM developed in [66, 78] is
considered.
The average BER for ACM OFDM systems can be defined as the ratio
between the average bits of error and the average bits per symbol transmitted






where log2 Mn = n, pn is the probability that code n will be used, and BERn
is BER for code n averaged over all SNR and subcarriers [65].























which is simply the probability that the estimated SNR for each subcarrier
lies in [γn, γn+1).
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If an i.i.d complex Gaussian channel, and a perfect channel estimation














where Γ (., .) is the complementary incomplete gamma function [119].
The average BER for code n is the BER averaged over all SNR and










BER(Mn, γi|γ̂i)pγi,γ̂i(γi, γ̂i) dγi dγ̂i (5.4)
where BER(Mn, γi|γ̂i) is BER for the nth SNR region and the ith subcar-
rier, and pγi,γ̂i(γi, γ̂i) is the joint distribution of the actual and the estimated
SNR. BER(Mn, γi|γ̂i) for multidimensional trellis codes on AWGN channels is









0.5 whenγ < γT
where an and bn are parameters found by least-square curve fitting, and Mn
is the constellation size.
Note that an, bn, and Mn are chosen to be matched with the estimated
SNR γ̂, while the exact SNR value γ is exploited for BER(Mn, γ|γ̂i) calculation.




, the smallest SNR guaranteeing that BER does not exceed 0.5.
Although an asymptotic analysis that assumes an i.i.d complex Gaus-
sian channel and perfect channel estimation shows the general behavior of
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pilot-aided adaptive OFDM systems, it is difficult to anticipate the perfor-
mance difference between conventional comb-type structure and pilot struc-
ture using the OM technique with the asymptotic approach. While the asymp-
totic analysis regarding comb-type pilot-aided OFDM systems is able to effec-
tively evaluate the performance difference between perfect channel estimation
and pilot-aided channel estimation, it is not capable of analyzing performance
differences between pilot-aided channel estimation schemes. In this context,
Monte Carlo integration has been used for (5.2) and (5.4) rather uses asymp-
totic analysis such as (5.3) or a bivariate gamma distribution for pγ,γ̂i(γ, γ̂i)
in [78, 120].
5.3.2 Comparison of Average Spectral Efficiency (ASE)









where G is some positive integer according to the dimension of the trellis code.
Then the average spectral efficiency (ASE) is defined by the average number






























On the other hand, constellation size, Mn, is determined under the con-
straint of the target BER, BER0. For this reason, ASE must be a meaningful
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performance measure only when BER becomes lower than BER0. The received
data is no longer reliable as long as BER is above BER0. To satisfy this strict








pγ̂i(γ̂i) · 1[BER(Mn, γ̂i) ≤ BER0] dγ̂i (5.7)
where 1[x] is the indicator function with 1[x] = 1 if the condition x is satis-
fied and BER(Mn, γ̂i) is the BER for code n when the estimated SNR for i
th


















pγ̂i(γ̂i) · 1[BER(Mn, γ̂i) ≤ BER0] dγ̂i
]
. (5.8)
5.3.3 Clustered OFDM systems
In discrete ACM OFDM systems, ACM allocation per subcarrier can
be an optimal for the capacity but inefficient when the channel is highly cor-
related between adjacent channels. In this context, a practical approach in
correlated channel is actually the use of clustered (or blocked) OFDM systems
that exploit the channel blocks as a smallest resource allocation unit rather
than one subcarrier [79, 88, 121, 122]. In clustered OFDM systems, one rep-
resentative value is normally fed back to the transmitter for one subchannel
cluster. This representative value can be the smallest, highest, or averaged
SNR value among the SNR of pilots in one cluster.
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The only difference in analysis between OFDM systems using AMC
per subcarrier and per cluster is that all the estimated channel gains in one
cluster are the same as the representative value fed back for that cluster. For
example, if the average SNR of pilots in one cluster is used for a representative






γ̂T (k−1)+L(i−1)+1 1 ≤ k ≤ Nc (5.9)
where T is size of cluster, bNrep = T/Lc is the number of pilots in a cluster,
and Nc = N/T is the number of clusters. Then, SNR for each subcarrier can
be obtained by
γ̂i = γrep,bi/T+1c. (5.10)
Conventional clustered OFDM systems feed representative SNR values
back to the transmitter directly. Therefore, the amount of required feedback
is BNc bits. On the other hand, if order information among [γrep,1,· · · ,γrep,Nc ]
is used, the required amount of feedback is 2B + log2 Nc! bits, where 2B bits
are used for the maximum and minimum value, γmax and γmin, respectively,
among [γrep,1, · · · , γrep,N/T ]. For example, Fig. 4.2 can be exactly applied for
a clustered OFDM systems if pilots are replace with representative values for
clusters.
Once each ĥi or γ̂i is determined, BER and Ravg for clustered OFDM
systems can be obtained from (5.1) and (5.8), respectively.
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Table 5.1: Parameters, an and bn, and calculated threshold, γn, for target
BER0 = 10
−4.
n Mn an bn γn[dB]
1 4 188.7471 9.8118 7.7
2 8 288.8051 6.8792 12.4
3 16 161.6898 7.8862 14.6
4 32 142.6920 7.8264 17.6
5 64 126.2118 7.4931 20.8
6 128 121.5189 7.7013 23.7
7 256 79.8360 7.1450 26.9
8 512 34.6128 6.9190 29.7
5.4 Numerical Results
In this section, the performance of adaptive OFDM systems using the
OM technique is compared to adaptive OFDM systems with various feedback
schemes. To present the advantages of the OM technique for adaptive OFDM
systems, adaptive multidimensional coded modulation has been considered for
a numerical example. Parameters for the BER expression and capacity of
discrete OFDM systems, such as an, bn, γT , and Mn, are summarized in Table
5.1.
5.4.1 BER Performance
This subsection compares BER performance of adaptive OFDM sys-
tems with conventional comb-type pilot structure to those using the OM tech-
nique. N = 64 and L = 16 is assumed corresponding to [7, 9]. ACM parame-
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Figure 5.2: BER comparisons between comb type pilot structure and channel
estimation using OM technique. BER of both schemes are below target BER
and marginal.
ters have been chosen for target BER0 = 10
−4. In Fig. 5.2, BER performances
based on different correlation parameters, Trms/Ts, have been illustrated.
In Fig. 5.2, it is observed that the average BER for both schemes
are enhanced as the subcarrier channels become more correlated. Note that
subcarrier channels become more correlated as Trms becomes smaller relative
to Ts. When Trms/Ts = 0.75, the BERs for both schemes are under target
BER0 = 10
−4 and almost the same. This similarity in BER performance of
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both schemes results from the characteristics of uncorrelated subcarrier chan-
nels. Because the accuracy of channel estimation using the comb-type pilot
structure and the OM scheme is dependent on channel correlation, there is
no difference in BER performance when both systems do not estimate sub-
carrier channel gain accurately because of low subcarrier channel correlation.
When Trms/Ts = 0.01, subcarrier channels have become more correlated so
that the BER performance of both schemes is enhanced compared to BER at
Trms/Ts = 0.75. On the other hand, the BER of adaptive OFDM systems using
a comb-type pilot structure shows slightly better but marginal BER perfor-
mance compared to that of adaptive OFDM systems using the OM technique.
This performance gap decreases again as subcarrier channels become more
correlated because the channel estimation using order mapping becomes as
accurate as channel estimation using comb-type pilot structure. Additionally,
since no quantization error for the comb-type pilot structure is assumed, adap-
tive OFDM systems with comb-type pilot structure show slightly better per-
formance gain compared to adaptive OFDM systems using the OM technique.
If quantization error is considered, this insignificant performance gap can be
ignored. A performance comparison when quantization is considered is inves-
tigated in 4.5.4. Please see 4.5.4 for more details. If Trms/Ts = 0.0001, both
techniques estimate subcarrier channel gains with high accuracy, so adaptive
OFDM systems using both schemes very good BER performance, and there is
no performance gap between the two schemes. Considering that Trms/Ts lies
between 0.01 and 0.0001 in practical situations, adaptive OFDM systems using
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Figure 5.3: BER comparisons between comb type pilot structure and channel
estimation using OM technique for clustered OFDM systems. Clustered adap-
tive OFDM systems show similar tendency in performance to adaptive OFDM
systems with ACM per subcarrier.
channel gain order information are able to achieve marginal BER performance
while using smaller amount of feedback, as shown in Fig. 4.4.
BER performance of clustered OFDM systems using ACM is plotted
in Fig. 5.3, where simulation parameters are N = 128, L = 16, T = 16 and
Nrep = 1. As predicted, the clustered OFDM systems using ACM show a
tendency similar to that of OFDM systems using ACM per subcarrier in BER
performance. Both adaptive OFDM systems with comb-type pilot structure
and with OM techniques achieve better BER if the subcarrier channels are
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more correlated. Moreover, it exploits a representative value for all subcarrier
channels in one cluster. Therefore, the performance gap between clustered
OFDM systems using comb-type structure and OM techniques must be less
compared to that of the ACM per subcarrier, as explained in the previous para-
graph. Additionally, the BER at Trms/Ts = 0.005 in Fig. 5.3 is actually similar
to the BER at Trms/Ts = 0.01 in Fig. 5.2. Since clustered OFDM systems
exploit a representative value for a cluster, they require equal or less feedback,
and there is no complex procedure for subcarrier channel reconstruction. On
the other hand, performance degradation compared to that of the ACM per
subcarrier would be unavoidable. In this example, BER at Trms/Ts = 0.005
is worse than BER at Trms/Ts = 0.005 in Fig. 5.2, while it satisfies the re-
quirement of the target BER0. Note that the BER performance of ACM per
subcarrier and ACM per cluster is same when subcarrier channels are highly
correlated (Trms/Ts = 0.0001) or highly uncorrelated (Trms/Ts = 0.75).
Eventually, adaptive OFDM systems using order information of sub-
carrier channel gains achieves marginal BER performance compared to that of
the comb-type pilot structure in both OFDM systems using ACM per subcar-
rier and cluster. Moreover, the OM technique is more efficient when it applies
to clustered OFDM systems. The OM technique of clustered OFDM sys-
tems achieves same feedback reduction while it avoids additional complexity
required to reconstruct subcarriers in clustered OFDM systems.
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AMC with full CQI
AMC with comb type pilots
AMC with OM
Equal modulation
Figure 5.4: Spectral Efficiency of adaptive OFDM systems with various feed-
back schemes
5.4.2 ASE Performance
BER analysis is an important performance measure in reliable commu-
nication. From a practical point of view, the BER can be largely divided into
two regions: an acceptable region (smaller than BER0) and an unacceptable
region (larger than BER0) [78]. In this context, once the system is operating
in the acceptable BER region, the key performance measure is the ASE. Using
the derivation in (5.8), the ASEs for different subcarrier channel correlations
are presented in Fig. 5.4. From this figure, it can be noted that the differ-
ence of ASE from adaptive OFDM systems with full CSIT to adaptive OFDM
systems with the comb-type structure and OM scheme, and OFDM systems
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with equal modulation decreases as subcarrier channels are more correlated.
When Trms/Ts = 0.01, ASE difference between adaptive OFDM systems using
comb type pilots and OM technique is marginal. While the largest gain of
the OM technique is about 5dB compared to equal modulation, a similar gap
is observed from full CSIT. On the other hand, when Trms/Ts = 0.001, the
ASE differences among the full CSIT, the comb-type pilot structure, and the
OM technique become negligible due to the high correlation among subcarrier
channels. The ASE of adaptive OFDM systems using the OM technique does
not only reach optimal ASE, but it still outperforms equal modulation schemes,
as shown in Fig. 5.4 (b). In Fig. 5.4, the ACM using OM technique requires
17 bits, which is about 30% less feedback than the ACM using comb-type pilot
structure. If the total number of subcarriers N is increased, the effectiveness
of channel estimation using OM technique will be more significant.
The ASE of adaptive clustered OFDM systems is described in Fig.
5.5. As predicted in the BER performance of adaptive clustered OFDM sys-
tems, the ASEs of adaptive clustered OFDM systems with the comb-type pilot
structure and OM technique are both degraded compared to the ASE of the
adaptive OFDM system using ACM per subcarrier. However, the general be-
haviors of both schemes are exactly the same as in the previous case. It is
observed that the ASE difference between adaptive clustered OFDM systems
using comb-type pilot structure and OM scheme is marginal. Similar to the
trend shown in Fig. 5.4, the performance gap between adaptive clustered
OFDM systems with full CSIT and OM technique becomes insignificant as
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AMC with full CQI
AMC with comb type pilots
AMC with OM
Equal modulation
Figure 5.5: Spectral Efficiency of adaptive clustered OFDM systems with var-
ious feedback schemes
the subcarrier channels becomes highly correlated, as shown in Fig. 5.5 (a)
and (b). Note that the ASE of adaptive clustered OFDM systems with the
OM technique has been achieved with the same about 30% drop in feedback
as in the case of adaptive OFDM systems using ACM per subcarrier.
5.4.2.1 ASE Comparison with Practical Parameters
While equally spaced pilot structure is known to be optimal for the
maximal ASE [38–40], the most recent and best known approach for the comb
type pilot can be found in 802.16e or 3GPP LTE. Note that reference signals,
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Table 5.2: Simulation parameters
Parameter Value
Speed, v 15 km/h
Carrier Frequency 2 GHz




16·π·f2m = 15.7 ms
Symbol Duration, Ts 66.663 µs
Size of PRB 12 subcarriers
instead of pilot signals, are used for the channel estimation in 3GPP LTE. Fig.
5.6 shows channel estimation techniques in both schemes. The key idea of both
approaches is that pilots (or reference signals) are staggered in both time and
frequency by allocating pilots to two different positions. For example, reference
signals are transmitted every sixth subcarrier for the channel estimation in
3GPP LTE, as shown in Fig. 5.6. In one slot, consisting of seven OFDM
symbols, the first and fifth symbols are used for the channel estimation. In
the fifth OFDM symbol in the slot, reference signals are allocated in the middle
of two reference signals for the first OFDM symbols in the slot. By changing
the position of the reference signals, it is possible to avoid deep-fading within
two reference signals. The same philosophy is exploited in the DL PUSC
cluster structure of 802.16.
To verify the effectiveness of the proposed scheme in the most recent
comb type channel estimations, the performance of the proposed OM technique




: Pilot subcarrier : Data subcarrier
(a) 3GPP LTE reference signals
(b) 802.16e DL cluster structure
Even Symbols
Odd Symbols
Figure 5.6: Pilots or reference signals in emerging wideband wireless commu-
nication systems
for 3GPP LTE, the systems supports high mobile speed between 15 ∼ 120
km/h with high performance. In this subsection, 15 km/h is assumed. The
maximum delay spread for the fixed broad wireless communication is spec-
ified by the Stanford University Interim (SUI) channel model. The worst
rms delay spread in SUI-6 is 5.24µs. The International Telecommunications
Union (ITU-R) Vehicular Channel Model B [123] shows the delay spread val-
ues of up to 20µs for mobile environments. Considering a mobile environment,
0.001 ≤ Trms/Ts ≤ 0.1 can be used for the channel correlation. The simulation
parameters are summarized in Table. 5.2. Note that physical resource block
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Waterfilling with perfect CSIT
Waterfilling with comb type pilot structure
Waterfilling with order mapping
Multimode power loading
Equal power allocation
Figure 5.7: ASE comparison of various feedback schemes with parameters of
3GPP LTE
(PRB) in 3GPP LTE is the same as the cluster.
In Fig. 5.7, the achievable capacities of waterfill power loading using
pilot structure in 3GPP LTE, as shown Fig. 5.6, are described. Eight ref-
erence signals are used for the channel estimation, and the proposed scheme
eventually reduces the amount of feedback by approximately 40%. Although
different pilot positions are considered between the first and fifth OFDM sym-
bols in a slot, the achievable capacities of waterfill power loading using perfect
CSIT, comb-type pilot structure, or the OM technique are similar, while the
required feedback of the OM technique is still much less than that of the other
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AMC with full CSI
AMC with comb type pilots
AMC with OM technique
Fixed Modulation
Figure 5.8: ASEs for clustered OFDM systems under 3GPP LTE environ-
ments.
techniques.
Fig. 5.8 shows the effectiveness of the proposed scheme in more prac-
tical environments. In this figure, the ASE of the clustered OFDM is plotted.
The exact same cluster size as the PRB size of 3GPP LTE, 12 subcarriers is
considered. Again, the same tendency in the analysis of pilot structures with
equidistance is observed in Fig. 5.8. Therefore, the proposed OM technique
is suitable for 802.16 or 3GPP LTE using pilots staggered in both time and
frequency as shown Fig. 5.6.
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5.5 Conclusion
This chapter has presented a channel estimation technique using the
order information of subcarrier channel gains under practical discrete ACM
OFDM systems. Analytical expressions for the performance evaluation of the
OM technique have been derived. The performance of the OM techniques, in-
cluding BER and ASE, is comparable to that of the comb-type pilot structure,
while the required feedback amount is significantly reduced. When N = 64
and L = 16 corresponding to [8], comparable performance results have been
achieved with about 30% feedback reduction compared to that of the con-
ventional comb-type pilot structure. Although this chapter has shown the
advantage of the OM technique in a specific example, the performance gain
over comb-type pilot structure increases if OM technique is applied to the
OFDM systems with a large number of subcarriers, such as IEEE 802.16 or






This dissertation has presented link adaptation techniques for wireless
OFDM systems in the context of practical constraints, such as complexity and
feedback amount. It has developed three different approaches focused on per-
formance enhancement under various constraints. The proposed approaches in
this dissertation improve performance of the low SNR or SINR regimes where
the performance of systems is most important.
The first approach is “Random Waterfilling”, which provides a solu-
tion to frequency deficiency problems. The proposed solution is especially
focused on systems overlaid with pre-occupied frequency bands, such as the
ISM band. For this solution, random waterfilling is proposed for clustered
OFDMA systems. The proposed random waterfilling effectively amplifies the
multiuser diversity gain in perspective of power allocation so that a meaning-
ful capacity gain is achieved over conventional equal power allocation in the
low SNR regime. Through simulations and mathematical analysis, it is shown
that the relative gain over static equal power allocation increases as the re-
ceived SNR decreases. In addition, the analytical upper boundary of capacity
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, with K (the number of users). The proposed random
waterfilling algorithm is more effective than equal power allocation in the very
low SNR regime.
The second approach is a modified multimode power loading scheme for
large dimensional OFDM systems. The proposed power loading scheme cir-
cumvents the limits of multi-mode power loading while maintaining its advan-
tages. The proposed technique generates the same optimal power loading con-
figuration as multi-mode power loading technique without recourse to brute-
force searches. The proposed technique reduces the required search amount to
N , while multi-mode power loading must perform 2N − 1 brute-force searches
in order to find the best power configuration. Thus, this method works well
on a practical level for systems with a large N of subcarriers. The required
feedback amount of the proposed technique is only N bits. Furthermore, the
proposed technique does not need a shared codebook, so it is able to save the
memory space at the transceiver.
The final approach presents a channel estimation technique using or-
der information of subcarrier channel gains in adaptive OFDM systems. The
analysis and simulation results show the effectiveness of the OM technique for
various adaptive OFDM systems. The performance of the OM techniques, in-
cluding BER and ASE, is comparable to that of the comb-type pilot structure,
while the required feedback amount is significantly reduced. When N = 64
and L = 16 corresponding to [8], comparable performance results have been
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achieved with about 30% feedback reduction compared to that of the conven-
tional comb-type pilot structure. The performance gain over comb-type pilot
structure increases if an OM technique is applied to the OFDM systems with
large numbers of subcarriers, such as IEEE 802.16 or 3GPP LTE, because
adaptive resource allocation is typically more effective in larger dimensional
systems.
6.2 Future Work
Future work related to this dissertation research should include the
following topics:
Application of order mapping technique in multiuser OFDM
systems: In multiuser OFDM systems [21, 124], multiuser diversity can be
achieved by opportunistic scheduling, such that the user with the best chan-
nel (or channel cluster) condition is scheduled for transmission first [27, 112].
However, the scheduler requires full feedback information for whole subcarri-
ers or clusters from all users in order to compare the channel quality. In the
same context of the proposed scheme in Chapter 4, the feedback information
of each user can be reconstructed by order information. Marginal user di-
versity is expected compared to conventional opportunistic scheduling, while
the required amount of feedback will be significantly reduced. Moreover, this
approach can be expanded on the Best-M scheduling [117], a pending solution
for the E-UTRA [12].
Mathematical derivation of the optimization: Although channel
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estimation using OM technique effectively reduces the amount of feedback,
the optimal number of pilots for ordermapping technique is required for effi-
ciency. In this context, the optimization problem of the amount of feedback
and achievable spectral efficiency needs to be solved.
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